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Conclusions. Rats with kidney isografts have a limited ca-Limited urinary concentration and damaged tubules in rats with
pacity to concentrate urine and, at the same time, fail to in-a syngeneic kidney graft.
crease rBSC1 and AQP2 transcripts. This suggests that thereBackground. The underlying mechanisms of renal transplant
is a prolonged damage of renal tubules by ischemia or denerva-dysfunction are poorly understood. There is little information
tion of the donor kidney, both of which are inevitable in theon tubular function in kidney grafts. The cDNAs encoding
kidney-specific cell surface proteins required for renal reab- transplantation procedure.
sorption of sodium (sodium cotransporter in thick ascending
limb of Henle, rBSC1) and water (apical water channel in
collecting duct, AQP2) have been recently identified. Since
Despite efforts to optimize the conditions for trans-transcripts of these proteins are up-regulated in dehydration in
plantation, such as careful donor management, minimi-association with maximal concentration of urine, we examined
urinary concentrating ability and expression levels of mRNA zation of the cold ischemia time, and the use of improved
of these proteins in kidney isografts. preservation solutions, chronic transplant dysfunction
Methods. Male Sprague-Dawley rats underwent syngeneic
remains a major cause of morbidity and mortality. Therenal transplantation or unilateral nephrectomy (UNX) and
pathophysiology of late graft dysfunction is poorly de-were deprived of water for 24 hours at six weeks after the
operation when histological and functional compensation of fined, and one fundamental problem is a lack of adequate
the intact kidney was complete. Blood and urinary samples were information on tubular function in the kidney graft. Re-
collected before and after dehydration. The amount of rBSC1 cent advances in molecular technology have allowed theor AQP2 mRNA was measured using competitive polymerase
identification of the molecular mechanisms of urinarychain reaction (PCR) by inducing a point mutation at the
concentration, a primary function of renal tubules [1].middle of PCR product for rBSC1 or by deleting 180 bp from
780 bp PCR product for AQP2, respectively. The protein ex- Concentration of urine is an energy-dependent process
pression was examined by Western blot analysis. involving the reabsorption of sodium and water. Even a
Results. Both groups of rats demonstrated the same levels
slight degradation of tubular function can be detectedof compensatory renal hypertrophy (~60% weight increase)
by examining the maximal concentration of the urine.and plasma creatinine values. Histological examination revealed
enlarged glomeruli and tubules, but no findings of ischemic Although renal graft failure is caused by a variety of
damage, such as tubular atrophy or interstitial changes. Urinary mechanisms, ischemia reperfusion [2–5] and denervation
concentration was noted in the UNX rats but not in rats with
[6–8] are inevitable factors in the transplantation proce-kidney grafts. Competitive PCR demonstrated that dehydra-
dure. These processes may affect tubular function, evention did not increase rBSC1 and AQP2 transcripts in rats with
kidney transplantation. Immunoblot analysis confirmed that if antigen-dependent immunological reactions are mini-
the marked increase of both rBSC1 and AQP2 proteins was mized by syngeneic transplantation. The present study
noted only in the remnant kidney of dehydrated rats. focused on the effects of these inevitable factors by using
a kidney isograft. Since Kouwenhoven et al have demon-
1 These authors contributed equally to this article. strated the time-dependent adverse effect of cold isch-
emia on graft dysfunction [5], we tried to minimize theKey words: transplantation, ischemia, denervation, thick ascending
limb of Henle, collecting duct, water deprivation, sodium cotransport. time of cold ischemia to determine the maximum ability
of the kidney graft to concentrate urine under optimized
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cellular hypertrophy accompanied by increased cellular Kidney transplantation and UNX
metabolism to handle the increased workload imposed The microsurgical technique used in this study is a
on the remaining kidney [11–14]. Thus, in rats with UNX, modification of the technique described by Lee [30].
a compensatory increase in the glomerular filtration rate All surgical procedures were performed with the animal
occurs to maintain an almost normal glomerular filtration under ether anesthesia. The donor kidney was flushed
without a compensatory increase in the nephron number with 1 mL of ice-cooled University of Wisconsin solution
in the remaining kidney. Since the number of remaining and transplanted into the recipient rat, in which the left
nephrons in the transplant kidney is similar to that in kidney had been removed. Renal blood flow of the
the remnant kidney after UNX, the presence of such grafted organ was restored by release of the vessel clamps
histological and functional compensations also should after 35 to 45 minutes. At the end of surgery, each rat
received 100,000 U of penicillin intraperitoneally. Thebe examined in the kidney isograft in association with
right kidney was removed seven days later.its capacity to concentrate urine.
Unilateral nephrectomy was performed on the leftRat bumetanide-sensitive sodium transporter (rBSC1),
kidney, which was followed by sham operation of thea protein involved in urinary concentration [15, 16], is
right kidney seven days later. In the sham-operatedexpressed in the thick ascending limb of Henle (TAL)
group, the left kidney was sham operated first, and then[17, 18] and supplies half of the energy source for the
the right kidney was sham operated seven days later.countercurrent multiplier in the loop of Henle [19, 20].
Our previous studies investigated the expression and
Experimental protocolsregulation of this sodium transporter in dehydrated rats
After the subsequent six-week recovery period, theand rats with coronary heart disease, and demonstrated
rats were anesthetized by ether and catheterized forthat it is up-regulated in the outer medullary TAL in
blood sampling and dehydrated as previously describeddehydrated animals at both the mRNA and protein lev-
[29]. Briefly, polyethylene PE-50 catheters filled withels [21, 22]. These findings suggest that the enhanced
heparinized (100 U/mL) 0.9% NaCl and were each placedexpression of the sodium transporter in TAL promotes
in the femoral artery and vein. On the following day,or maintains the hypertonicity of the medullary intersti-
after a six-hour urine collection, a 3 mL blood sampletium for water reabsorption. The apical water channel
was withdrawn from the femoral artery, which was re-in the collecting ducts (aquaporin 2, AQP2) is another
placed with an equal volume of rat donor blood as amajor cell surface protein [23], and arginine vasopressin
simultaneous injection via the femoral venous catheter.(AVP)-mediated apical expression of AQP2 [24–26] and
Then, access to water was restricted for 24 hours in 8 outincreased synthesis of this protein [27, 28] have been well
of 16 rats, while another group of 8 rats continued to havecharacterized. We also demonstrated that dehydration is
free access to water. Again, urine was collected duringclosely associated with a marked increase in the transcrip-
the last six hours of the dehydration period in the water-tional expression of AQP2 in the renal inner medulla
restricted rats. Another 3 mL blood sample was with-[29]. Therefore, based on the findings and molecular tech-
drawn from these dehydrated rats. All rats were then
niques presented in our previous studies [21, 22, 29], we
placed in a supine position, and the abdominal aorta and
investigated the dehydration-induced changes in rBSC1
inferior vena cava were exposed and clamped above the
and AQP2 mRNA expression in the transplant kidney renal branches. A puncture in the vena cava below the
as well as the physiological reactions to dehydration. renal veins allowed blood and perfusion fluid to escape.
After perfusion of the kidney with 0.9% NaCl through
the femoral arterial catheter, the kidney from each ofMETHODS
the six rats was removed, weighed, and divided into threeAnimals
parts: the cortex, outer medulla, and inner medulla. Each
Male Sprague-Dawley rats weighing approximately sample was homogenized in 4 mol/L guanidine with 25
200 g were used both as graft recipients and donors. mmol/L sodium citrate and 0.7% mercaptoethanol or in
Forty-eight rats were included in the study: 16 for renal 2 mL of phosphate-buffered saline (PBS), 1% triton, 1%
transplantation, 16 for UNX, and 16 for sham operation deoxycholate, 0.1% sodium dodecyl sulfate (SDS), and
of left kidney. Rats had free access to standard rat chow 0.1 mmol/L phenylmethylsulfonyl fluoride (PMSF) for
and water ad libitum, and were maintained in a humidity- RNA or protein extraction, respectively. The homolo-
and temperature-controlled room with a 12/12-hour gous quality of RNA of each sample was confirmed by
light-dark cycle. The experimental protocol was ap- ethidium bromide staining in the agarose gel and by the
proved by the Ethics Review Committee for Animal measurement of glyceraldehyde-3-phosphate dehydro-
Experimentation at the Tohoku University School of genase (GAPDH) using polymerase chain reaction (PCR)
with 25 cycles in which the intensity of the bands wasMedicine.
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linearly enhanced. The kidney from each of the resting
two rats was sliced, fixed in phosphate-buffered 4% para-
formaldehyde (PFA), and used for histological examina-
tion [PAS (periodic acid-Schiff’s reagent) stain].
Competitive PCR for rBSC1
Competitive PCR analysis for rBSC1 was performed
as previously described [21, 22]. Briefly, a point mutation
for the formation of EcoRI site was induced in the middle
of a 352 bp of partial fragment for the kidney-specific
sodium cotransporter (rBSC1) cDNA. A series of diluted
mimic cDNA was mixed with a constant amount of a
sample template cDNA of the renal outer medulla and
coamplified using rBSC1 primers. Polymerase chain re-
action proceeded for 25 cycles, and the products were
coincubated with EcoRI for three hours at 37C. The
sample and mimic cDNA were designed to produce 352
and 180 bp fragments, respectively. After agarose gel
electrophoresis, the intensity of the band in each sample
and mimic cDNA was measured using a densitometer.
The amount of rBSC1 mRNA in the sample was calcu-
lated from the equivalent point (40  mimic for rBSC1
at the equivalent point/1 g RNA).
Competitive PCR for AQP2
We constructed a mimic cDNA as described pre-
viously [22, 29]. Briefly, a pair of PCR primers was de-
signed to frame the major part of AQP2 cDNA (760
bp), which contained SphI and SacI restriction enzyme
sites in the middle of the product. By deleting 180 bp
between these sites, the final PCR product was 580 bp,
which was obtained and used to mimic cDNA for com-
Fig. 1. Histological sections of the renal cortex. (A) Sham-operatedpetitive PCR. A series of diluted mimic cDNA was mixed rat. (B) Graft kidney (periodic acid-Schiff’s reagent stain, magnification
with the same amount of sample template cDNA (from 100).
0.05 g RNA) from each part of the kidney and coampli-
fied using the AQP2 primer set. Polymerase chain reac-
tion was performed using 25 cycles. Following agarose
sulfate-polyacrylamide (8% or 12%) gel electrophoresisgel electrophoresis, the intensity of the bands in each
(SDS-PAGE) and transferred in 25 mmol/L Tris-HCl,sample and those of mimic cDNA was measured using
192 mmol/L glycine, 25% methanol to a polyvinylidenea densitometer. The amount of AQP2 mRNA in the
difluoride membrane. After being blocked with 5% pow-sample was calculated from the equivalent point (20 
dered milk, the membrane was exposed to anti-rBSC1amount of mimic cDNA at the equivalent point/1 g
(1:500 dilution) overnight at 4C or to anti-AQP2 (1:500RNA).
dilution) for one hour at room temperature. The mem-
Western blots brane for rBSC1 was incubated with peroxidase-linked
anti-rabbit Ig, and another membrane for AQP2 wasProtein was extracted from renal outer medulla or
incubated with biotin-labeled anti-rabbit IgG antibodyinner medulla of the rats, and Western blotting analysis
(Vector, Burlingame, CA, USA) for one hour at roomwas performed as previously reported [21, 22]. Antibody
temperature. Then antigen–antibody complexes wereagainst rBSC1 and AQP2 was a kind gift from Dr. Steven
visualized with a chemiluminescence system (ECL Plus;C. Hebert (Division of Nephrology, University of Vand-
Amersham International, Arlington Heights, IL, USA).erbilt, Nashville, TN, USA) and against AQP2 from Dr.
Sei Sasaki (Second Department of Internal Medicine,
Measurements of AVPTokyo Medical and Dental University, Tokyo, Japan).
Arginine vasopressin was measured by radioimmuno-Tissues were homogenized and centrifuged, and the su-
pernatants were resolved by Laemmli sodium dodecyl assay (RIA) as described previously [31]. Briefly, AVP
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Table 1. Changes in various renal function parameters induced before and after water restriction
Uninephrectomized rats Kidney-grafted rats
Before After Before After
Kidney/body weight mg/g 4.30.1a (2.60.3) 4.90.3a
Change in body weight % 10.10.3 10.30.5
Plasma
Osmolality mOsm/kg · H2O 286.50.7 292.00.7b 288.40.5 294.00.7b
Sodium mEq/L 140.50.7 142.00.5 141.00.2 143.00.4b
Urea mg/dL 17.30.9 22,00.9b 18.41.2 24.31.3b
Creatinine mg/dL 0.510.04 0.510.02 0.480.03 0.530.03
AVP pg/mL (0.40.1) (4.40.4b) 0.50.1 4.90.7b
Urine
Volume mL/6 h 8.61.7 1.50.2b 12.02.2 2.00.1bc
Osmolality mOsm/kg · H2O 48774 2799111b 544116 1657100bc
(661104) (2758170b)
Sodium 101 mEq/6 h 4.170.48 1.040.07b 4.230.88 2.160.24bc
(5.590.38) (1.040.12b)
Data are means  SEM. Data in parentheses are those of sham-operated rats. AVP is arginine vasopressin.
a P  0.05 vs. sham-operated rats
b P  0.05 vs. before water restriction
c P  0.05 vs. uninephrectomized rats during water restriction
was extracted using octacasyl-silane packed in a cartridge Effects of dehydration on urinalysis, body fluid, and
renal function(Sep-Pak C18 cartridge; Waters Associates, Milford,
MA, USA) and assayed using specific antibodies to AVP Plasma creatinine concentrations and urinary osmolal-
(Mitsubishi Petrochemical, Tokyo, USA). The recovery ity before water restriction were similar in rats with UNX
rate was 72.4  6.8% (N  30). and kidney isograft (Table 1). Water restriction in-
creased urinary osmolality in UNX rats to levels similar
Other measurements and statistical analysis to those in sham-operated and normal control rats de-
The osmolality of plasma and urine samples was deter- scribed in our previous study [29]. However, urinary
mined using an osmometer (3D2; Advanced Instru- concentration by water deprivation was limited in rats
ments, Needham Heights, MA, USA) and plasma Na with a kidney isograft (Table 1). Consequently, more
was determined by flame photometry (Hitachi flame urinary volume during the water-restriction period and
photometer, 205D). Plasma creatinine concentration was further increases in the weight reduction rate, plasma
measured by an autoanalyzer. Differences in laboratory osmolality, sodium, urea, and AVP concentrations were
data were examined for statistical significance using un- observed in rats with the kidney isograft compared with
paired t tests followed by the Student t test. The results the respective values in UNX rats, although all of these
are expressed as mean  SEM. A P value 0.05 was changes were not significant. Urinary sodium excretion
considered significant. before the water restriction was quite similar in all three
groups. During the water deprivation period, however,
the marked reduction of urinary sodium excretion ob-
RESULTS
served in the sham-operated or UNX rats was limited
Renal hypertrophy and absence of ischemic damages in rats with the kidney isograft.
The kidney weight to body weight ratio is shown in
rBSC1 transcriptsTable 1. Significantly high ratios were noted in both the
UNX and transplanted rats compared with that of the Figure 2 shows the results of the competitive PCR
left kidney to body weight ratio in the sham-operated analysis of rBSC1 mRNA in the renal outer medulla.
rats. However, there was no difference in this ratio be- The mean of six determinations demonstrated that rBSC1
tween UNX and grafted rats, indicating the same level of transcripts were significantly higher in uninephrectomized
renal hypertrophy in these two groups. The microscopic and grafted rats compared with those of the sham-oper-
findings of renal cortex confirmed the enlargement of ated controls (Fig. 2A). Figure 2B demonstrates the effects
glomeruli and tubules in kidney-grafted rats (Fig. 1) and of dehydration (24-hour water restriction) on the expres-
UNX (data not shown). However, histological findings sion level of the rBSC1 transcript. Dehydration caused
such as focal atrophy of renal tubules, and interstitial a significant increase in rBSC1 signals in uninephrectom-
cell infiltration or fibrosis, all suggest that the ischemic ized rats, but no such increase was noted in rats with
the kidney isograft. The dehydration-induced increaserenal damage was not observed (Fig. 1).
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Fig. 2. Competitive polymerase chain reaction (PCR) of rat kidney- Fig. 3. Competitive PCR of aquaporin 2 (AQP2) transcripts. (A) The
specific sodium cotransporter (rBSC1) transcripts. (A) Mean data under mean data of six determinations (SEM) of the inner medulla under
euhydration. Six determinations (SEM) of renal outer medulla from euhydration. *P  0.05 compared with sham-operated rats. (B) Effects
sham-operated (Sham), unilateral nephrectomy (UNX), and trans- of 24-hour dehydration on AQP2 transcripts. Six determinations
planted rats (Graft). *P  0.05 compared with sham-operated rats. (B) (SEM). *P  0.05 between euhydration and dehydration conditions.
Effects of 24-hour water restriction on rBSC1 transcripts from UNX
and transplanted rats (Graft). Six determinations (SEM). *P  0.05
between euhydration and dehydration conditions.
that AQP2 transcripts were markedly increased in the
water-restricted rats with uninephrectomy, whereas no
increase was noted in the kidney grafted rats.in rBSC1 mRNA in UNX rats was almost the same as
that observed in sham-operated controls [21].
rBSC1 proteins
AQP2 transcripts After confirming the similar protein expression of
rBSC1 between remnant kidney and kidney isograft inAquaporin 2 mRNA signals are shown in Figure 3. A
the euhydrated condition and dehydration-induced in-slight increase in AQP2 transcript signals was observed
crease of signal intensity in UNX rats as previously re-in the inner medulla of both uninephrectomized and
kidney-grafted rats (Fig. 3A). Figure 3B demonstrates ported (data not shown) [21], we compared the rBSC1
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Fig. 4. Western blots for rBSC1. Total protein (150 g) from outer Fig. 5. Western blots for AQP2. Total protein (40 g) from inner
medulla of dehydrated rats is loaded in each lane. In dehydrated condi- medulla of dehydrated rats is loaded in each lane, again showing that
tions, the signals are much intensified in UNX rats. signals are much more intensified in UNX rats in dehydrated condition.
M, size marker.
signals between remnant kidney and kidney isograft in
a dehydrated condition (Fig. 4). The results clearly dem- The salt-absorptive form of the apical Na-K-Cl co-
onstrated that the kidney isograft signals were less in- transporter in TAL supplies a critical source of energy
tense in the dehydrated condition. for the countercurrent multiplier [19, 20], which cotrans-
ports luminal NaCl at the relatively water-impermeableAQP2 proteins
TAL. Gamba et al succeeded in cloning a cDNA encod-
Since the association between AQP2 up-regulation ing the rat Na-K-Cl cotransporter, rBSC1, which has a
and maximal urinary concentration has been well estab- high affinity for loop diuretics such as bumetanide and
lished [25–29], signals of remnant kidney and kidney iso- is expressed in the apical side of TAL [17, 18]. We re-
graft of dehydrated rats were compared. The results also ported that dehydration alters the amount of rBSC1 tran-
clearly demonstrated that signals of kidney isograft were script [21]. Our results demonstrated that the mRNA of
much less intense in the dehydrated condition (Fig. 5). this transporter is increased in TAL in the outer medulla
of dehydrated rats, together with an increased apical
expression of protein, suggesting increased sodium trans-DISCUSSION
port for the formation of hypertonic medulla under dehy-The present study analyzed the physiological re-
dration conditions. In the present study, a significantsponses of the kidney graft to dehydration and investi-
increase in rBSC1 transcripts in the outer medulla wasgated the transcripts of kidney-specific cell surface pro-
noted in rats with a UNX and kidney isograft in theteins that are known to be closely involved in urinary
euhydration condition. Since enhanced transcription inconcentration. The major findings of our study are that
hypertrophied kidney has been reported [32], this in-the kidney isograft has a limited capacity to concentrate
crease in basal rBSC1 transcripts is likely to be dueurine and—at the same time—to increase the transcripts
to a transcriptional enhancement associated with renalof Na transporter in TAL and of apical water channel
hypertrophy. The dehydration-induced increase, how-in the collecting duct during water restriction.
ever, was observed only in rats with UNX, while thePrevious studies have demonstrated that UNX results
transcript signals in rats with a kidney isograft were notin a process of compensation for the lost kidney mani-
affected by dehydration. Western blot analysis also dem-fested by enlargement of individual nephrons in the re-
onstrated that marked increase of protein signals wasmaining kidney [9–14]. These morphological and func-
noted only in dehydrated UNX rats. Thus, the responsivetional compensation processes are completed four to six
up-regulation of rBSC1 to dehydration is impaired inweeks after UNX [9–11]. Accordingly, our study was
the transplanted kidney.designed to examine the urinary concentration in response
Water transport across the epithelium of the collectingto dehydration at six weeks after the operation of UNX
duct is mediated by at least two regulatory mechanisms,and kidney transplantation, when proteinuria caused by
that is, a short-term regulation and long-term regulationlate graft dysfunction, probably in association with pro-
[1]. The short-term regulation involves a rapid increasegression in glomerular sclerosis, is still absent [5]. Inter-
in water permeability in the collecting ducts throughestingly, rats with the graft kidney demonstrated the
cAMP-dependent AQP2 redistribution [24–26], which issame level of renal hypertrophy and the same values for
completed within 30 to 40 minutes after exposure toplasma creatinine as UNX rats, indicating that morpho-
AVP. The long-term regulation of water reabsorptionlogical and functional compensatory alterations also oc-
by the renal collecting ducts is manifested by a stablecur in the kidney graft. However, maximal urinary con-
increase in water permeability after water restriction forcentration, where a large amount of energy is required
24 hours [33]. In the long-term regulation, an increaseto reabsorb sodium and water in the kidney, was not
in the expression of AQP2 occurs at both the mRNAnoted in rats with the transplanted kidney. These findings
[29] and protein [28] levels in the whole collecting duct,suggest that only limited tubular function exists in the
kidney graft despite the morphological compensation. probably resulting in a persistent increase in water reab-
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kidney isograft. In addition, a clear enhancement of pro-
tein expression was observed only in these dehydrated
APPENDIXUNX. These results are likely to be due to the failure
of increasing the number of apical water channels ex- Abbreviations used in this article are: AQP2, aquaporin 2; AVP,
arginine vasopressin; PBS, phosphate-buffered saline; PCR, polymer-pressed in the kidney isograft during dehydration.
ase chain reaction; rBSC1, bumetanide-sensitive sodium cotransporter;
Although the linkage between enhanced sodium and RIA, radioimmunoassay; TAL, thick ascending limb; UNX, unilateral
nephrectomy.water reabsorption and de novo synthesis of rBSC1 and
AQP2 has not been fully determined, dehydration in-
duced by water deprivation for 24 to 48 hours has been REFERENCES
reported to be associated with up-regulation of rBSC1 1. Knepper MA: Molecular physiology of urinary concentrating
mechanisms: Regulation of aquaporin water channel by vasopres-[21] and AQP2 [28, 29], as mentioned previously in this
sin. Am J Physiol 272:F3–F12, 1997article. In addition, endogenous AVP stimulation has
2. Paul LC: Chronic renal transplant loss. Kidney Int 47:1491–1499,
clearly demonstrated an increased protein synthesis of 1995
3. Tullius SG, Tilney NL: Both alloantigen-dependent and -inde-AQP2 [27] and rBSC1 [34]. Therefore, our findings of
pendent factors influence chronic allograft rejection. Transplanta-an impaired up-regulation of rBSC1 and AQP2 tran-
tion 59:313–318, 1995
scripts in rats with a kidney graft are thought to be closely 4. Azuma H, Nadeau K, Mackenzie HS, et al: Cellular and molecular
predictors of chronic renal dysfunction after initial ischemia/reper-linked to the limited urinary concentration in these rats.
fusion injury in a single kidney. Transplantation 64:190–197, 1997In kidney transplantation, the underlying mechanisms
5. Kouwenhoven EA, deBruin RW, Heemann UW, et al: Late graft
of chronic transplant dysfunction are still to be eluci- dysfunction after prolonged cold ischemia of the donor kidney:
Inhibition by cyclosporine. Transplantation 68:1004–1010, 1999dated [2, 3]. Recently, Kouwenhoven et al demonstrated
6. Norvell JE, Weitsen HA, Dwyer JJ: Denervation and regenera-that prolongation of cold ischemia enhances late graft
tion of adrenergic nerves in autotransplanted kidney. Transplanta-
failure, even when antigen-dependent graft rejections tion 7:218–220, 1969
7. Lacker LH, Mckay M: Renal blood flow changes posttransplanta-are minimized by syngeneic transplantation [5]. How-
tion: Renal denervation versus renal ischemia. Invest Urol 9:39–43,ever, even an optimized transplant procedure of rat kid-
1971
ney transplantation still requires a short-term ischemia 8. Morita K, Seki T, Nonomura K, et al: Changes in renal blood
flow in response to sympathomimetics in the rat transplanted andof the donor kidney (30 to 45 min), which may damage
denerved kidney. Int J Urol 6:24–32, 1999renal tubules in spite of the absence of morphological
9. Fine L: The biology of renal hypertrophy. Kidney Int 29:619–634,
alterations in the tubules or interstitium. Since a large 1986
10. Zalups RK, Stanton BA, Wade JB, et al: Structural adaptationamount of energy is required to achieve the maximum
in initial collecting tubule following reduction in renal mass. Kidneyconcentration of urine, such a small degradation of renal Int 27:636–642, 1985
tubules may manifest as limited urinary concentration. 11. Wesson LG: Compensatory growth and other growth responses
of the kidney. Nephron 51:149–184, 1989In addition to ischemic damage, denervation is another
12. Nagata M, Scharer K, Kriz W: Glomerular damage after uni-inevitable factor of renal transplantation that influences nephrectomy in young rats. I. Hypertrophy and distortion of capil-
urinary sodium excretion [6] and renal blood flow [8]. lary architecture. Kidney Int 42:136–147, 1992
13. Pollock CA, Bostrom TE, Dyne M, et al: Tubular sodium handlingThus, the influence of these factors on urinary concentra-
and tubuloglomerular feedback in compensatory renal hypertro-tion and expression of rBSC1 and AQP2 need to be phy. Pflu¨gers Arch 420:159–166, 1992
elucidated individually in future studies. 14. Shohat J, Davidowitz M, Erman A, et al: Serum and renal IGF-I
levels after uninephrectomy in the rat. Scand J Clin Lab InvestIn summary, our study demonstrates a defective up-
57:167–174, 1997regulation of rBSC1 and AQP2 transcripts in the kidney 15. Forbush B III, Palfrey HC: Bumetanide binding to membranes
isograft of rats in response to dehydration. This defective isolated from dog kidney outer medulla. J Biol Chem 258:11787–
11792, 1983up-regulation may be involved in the limited urinary
16. Haas M, Forbush B III: Na, K, Cl-cotransport system: Character-concentrating capacity of the transplant kidney. ization by bumetanide binding and photolabelling. Kidney Int
32(Suppl 23):S134–S140, 1987
17. Gamba G, Miyanoshita A, Lombardi M, et al: Molecular cloning,ACKNOWLEDGMENTS
primary structure, and characterization of two members of the
This study was supported by Research Grants for Scientific Research mammalian electroneutral sodium-(potassium)-chloride cotrans-
(12877163 and 13671095) from the Japanese Ministry of Science and porters family expressed in kidney. J Biol Chem 269:17713–17722,
1994Education. We thank Miss Mika Ishikawa, Ms. Noriko Tsuchiya, and
Michimata et al: Limited urine concentration in kidney graft 679
18. Kaplan MR, Plotkin MD, Lee W-S, et al: Apical localization of AQP-CD water channel in the apical membrane of collecting duct
cells without affecting AQP3 distribution in Brattleboro rat. Amthe Na-K-Cl cotransporter, BS1, on rat thick ascending limbs.
J Physiol 268:C1546–C1551, 1995Kidney Int 49:40–47, 1996
27. Nielsen S, DiGiovanni SR, Christensen EI, et al: Cellular and19. Jamison RL, Maffly RH: The urinary concentrating mechanism.
subcellular immunolocalization of vasopressin-regulated waterN Engl J Med 295:1059–1067, 1976
channel in rat kidney. Proc Natl Acad Sci USA 90:11663–11667,20. Molony DA, Reeves WB, Andreoli TE: Na:K:2Cl cotrans-
1993port and the thick ascending limb. Kidney Int 36:418–426, 1989
28. Terris J, Ecelbarger CA, Nielsen S, et al: Long-term regulation21. Marumo R, Kaizuma S, Nogae S, et al: Differential upregulation
of four renal aquaporins in rats. Am J Physiol 271:F414–F422, 1996of rat Na-K-Cl cotransporter, rBSC1, mRNA in the thick ascending
29. Michimata M, Nogae S, Ohta M, et al: Topographic distribution oflimb of Henle in different pathophysiological conditions. Kidney
aquaporin 2 mRNA in the kidney of dehydrated rat. Exp NephrolInt 54:877–888, 1998
8:28–36, 200022. Nogae S, Michimata M, Kanazawa M, et al: Cardiac infarcts
30. Lee S: An improved technique of renal transplantation in the rat.increase sodium transporter transcripts (rBSC1) in the thick as-
Surgery 61:771–773, 1966cending limb of Henle. Kidney Int 57:2055–2063, 2000 31. Kimura T, Abe K, Ota K, et al: Effects of acute water load,
23. Fushimi K, Uchida S, Hara Y, et al: Cloning and expression of hypertonic saline infusion and furosemide administration on atrial
apical membrane water channel of rat kidney collecting tubule. natriuretic peptide and vasopressin release in humans. J Clin Endo-
Nature 361:549–552, 1993 crinol Metab 62:1003–1010, 1986
24. Marple D, Knepper MA, Christensen EI, et al: Redistribution 32. Zalups RK, Fraser J, Koropatnick J: Enhanced transcription of
of aquaporin-2 water channels induced by vasopressin in rat kidney metallothionein genes in rat kidney: Effect of uninephrectomy and
inner medullary collecting duct. Am J Physiol 269:C655–C664, 1995 compensatory renal growth. Am J Physiol 268:F643–F650, 1995
25. Nielsen S, Chou C-L, Marples D, et al: Vasopressin increases 33. Jones RVH, Wardener HE: Urine concentration after fluid depri-
water permeability of kidney collecting duct by inducing transloca- vation or pitressin tannate in oil. Br Med J 1:271–274, 1956
tion of aquaporin-CD water channels to plasma membrane. Proc 34. Kim G-H, Ecelbarger CA, Mitchell C, et al: Vasopressin in-
Natl Acad Sci USA 92:1013–1017, 1995 creases Na-K-2Cl cotransporter expression in thick ascending limb
of Henle’s loop. Am J Physiol 276:F96–F103, 199926. Yamamoto N, Sasaki S, Fushimi K, et al: Vasopressin increases
